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Abstract
In this report we present the first quantitative determination of the correlations between baryons
and anti-baryons induced by local baryon number conservation. This is important in view of the
many experimental studies aiming at probing the phase structure of strongly interacting matter.
We confront our results with the recent measurements of net-proton fluctuations reported by the
CERN ALICE experiment. The role of local baryon number conservation is found to be small on
the level of second cumulants.
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I. INTRODUCTION
One of the key goals of nuclear collision experiments at high energy is to map the phase
diagram of strongly interacting matter. A very challenging task is the determination of the
QCD phase structure including the search for critical behavior and verification of the pos-
sible existence of a critical end point of a first order phase transition line. A promising tool
to probe the presence of critical behavior is the study of fluctuations of conserved charges
since, in a thermal system, fluctuations are directly related to the equation of state (EoS)
of the system under the study. One can probe critical phenomena also at vanishing baryon
chemical potential [1, 2]. While at physical u,d quark masses a rapid cross over transition
is found in Lattice QCD (LQCD), the proximity to a 2nd order phase transition of O(4)
universality class suggests remainders of criticality. Indeed, the pseudo-critical tempera-
ture, reported from LQCD [1], is in agreement with the chemical freeze-out temperature
as extracted by comparing Hadron Resonance Gas (HRG) model predictions [3, 4] to the
hadron multiplicities measured by ALICE. This agreement implies that strongly interacting
matter, created in collisions of Pb nuclei at LHC energies, freezes out in close vicinity of the
chiral phase transition line. Hence, singularities stemming from the proximity to a second
order chiral phase transition can be captured also at vanishing net-baryon densities. The
current net baryon fluctuation measurements, by the STAR collaboration at RHIC [5, 6],
and by ALICE at the LHC [7], have provided interesting and stimulating results. However,
quantitative analysis of these measurements is made difficult by the presence of non-critical
effects such as volume or participant fluctuations and by correlations introduced by baryon
number conservation. In statistical mechanics fluctuations of conserved quantities are pre-
dicted within the Grand Canonical Ensemble (GCE) [8] formulation, where only the average
values of these quantities are conserved [8]. To compare theoretical calculations within a
GCE, such as the HRG [3] and LQCD [1], to experimental results, the requirements of GCE
have to be achieved in experiments. In experiments over the full acceptance, baryon number
is conserved in each event, hence even in a limited acceptance its implications will be seen.
Here, using the CE, we provide the first quantitative estimates of the implication of global
and local baryon number conservation in a finite acceptance.
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II. FLUCTUATIONS IN GCE AND CE
In a thermal system with an ideal gas EoS, composed of hadrons including baryon/anti-
baryon species with baryon numbers +1 and -1, the GCE partition function implies uncorre-
lated Poisson distributions for baryons and anti-baryons, hence the net-baryon distribution
has the following cumulants [9]1:
κn(Skellam) = 〈nB〉+ (−1)n 〈nB¯〉 , (1)
where 〈nB〉 and 〈nB¯〉 denote the first cumulants (mean numbers) of baryons and anti-
baryons, respectively. Eq. (1) implies that ratios of even-to-even and odd-to-odd cumulants
of net-baryons are always unity, while the ratios of odd-to-even cumulants depend on mean
multiplicities.
κ2n+1
κ2k
=
〈nB〉 − 〈nB¯〉
〈nB〉+ 〈nB¯〉
. (2)
Hitherto, the above conditions are used as baseline for net-baryon fluctuations. However,
this can lead to misleading conclusions because, apart from dynamical fluctuations induced
by critical phenomena, deviations from this baseline may be driven by non-dynamical contri-
butions. Recently we demonstrated that fluctuations of participating nucleons from event-
to-event significantly distort measured event-by-event fluctuation signals. We also found
that at LHC energies, where mean number of net-baryons measured at mid-rapidity is zero,
contributions from participant fluctuations to the second and third cumulants of net-baryon
distributions are vanishing [9]. Below, we consider the CE partition function for a system of
volume V, temperature T, and net-baryon number B to investigate effects of exact baryon
number conservation. It is
ZCE(V, T,B) =
∞∑
NB=0
∞∑
NB¯=0
(λBzB)
NB
NB!
(λB¯zB¯)
NB¯
NB¯!
δ(NB −NB¯ −B) =
(
zB
zB¯
)B
2
IB(2
√
zBzB¯)
∣∣∣∣
λB,B¯=1
,
(3)
1 The probability distribution of the difference of two random variables each generated from uncorrelated
Poisson distributions is called Skellam distribution.
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Figure 1. Left panel: the normalized values of κ2(B−B¯), for different values of ∆ycorr, as a function
of accepted fraction of baryons. The red solid symbols, represented by ∆ycorr = ∞, actually
correspond to ∆ycorr = 100, and are consistent with the global baryon number conservation.
(cf. Eq.(4) of [10]). Right panel: comparison of the results with the ALICE data. Within the
experimental uncertainties, the data are best described by global baryon number conservation
(∆ycorr =∞) but are consistent with ∆ycorr ≥ 5. Values of ∆ycorr smaller than 5 lead to results in
disagreement with the experimental measurements. Interestingly, the blue solid line, representing
the results of the HIJING generator, underestimates the experimental data and is described by the
local baryon number conservation with ∆ycorr = 2.
where IB denotes the modified Bessel function, λB,B¯ are fugacities and zB,B¯ stand for sin-
gle particle partition functions of baryons and anti-baryons respectively. The δ function in
Eq. (3) guarantees that, in each event, the net number of baryons is fixed, i.e, net-baryons
do not fluctuate from event-to-event. In order to get finite fluctuations for net-baryons, dis-
tributions of baryons and anti-baryons have to be folded with the experimental acceptance.
III. LOCAL CONSERVATION LAWS
In [10–13] effects of global conservation laws on fluctuations of conserved charges were
addressed. In our previous work the energy dependence of cumulants of net-protons, reported
by STAR for Au+Au collisions, is consistently described above
√
sNN = 11.5 GeV under
the assumption of global baryon number conservation and fluctuations in the number of
participating nucleons [10]. Here, using the same algorithm, we investigate contributions
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from local baryon number conservation [14]. We first sample the number of baryons NB and
anti-baryons NB¯ from the probability distributions encoded in the CE partition function
(cf. Eq. 3). To this end, we simulated 107 events with 〈NB〉 = 〈NB¯〉 = 50 for baryons and
anti-baryons respectively.2 Next, using the shape of the charged particle pseudo-rapidity
distribution as measured by ALICE [15] and assuming that, at LHC energy, baryons follow
the same shape as charged particles, we introduce finite acceptance effect. In doing so we
first generate a baryon of rapidity yB, and a corresponding anti-baryon if its rapidity yB¯
satisfies the condition:
|yB¯ − yB| <
∆ycorr
2
. (4)
We note that, in this representation, global baryon number conservation corresponds to
∆ycorr = ∞. The results for the normalized values of κ2(B − B¯) are presented in the left
panel of Fig. 1 as a function of the accepted fraction of baryons α for different values of
∆ycorr. Here, α is defined as the ratio of baryons inside the acceptance to the number of
baryons in full phase space. As expected, the magnitude of normalized net-baryon num-
ber fluctuations decreases with decreasing ∆ycorr. The red solid symbols, corresponding to
∆ycorr =∞, are actually computed for ∆ycorr = 100, and are consistent with Eq.(4) of [10],
derived for global baryon number conservation. In the right panel of Fig. 1 we compare
our results for different ∆ycorr to the experimental measurements of the second cumulant
of net-protons, as reported by the ALICE collaboration [7]. For this purpose, we use the
acceptance fraction α, corresponding to each ∆η in the right panel of Fig. 1 (cf. [7]) and
determined the value of κ2(p − p¯)/ < np + np¯ > from the left panel of Fig. 1. Within the
experimental uncertainties, the data are best described by global baryon number conserva-
tion but are consistent with ∆ycorr ≥ 5. Values of ∆ycorr smaller than 5 lead to results in
disagreement with the experimental measurements. Apparently, effects due to local baryon
number conservation are small in second cumulants of net-protons.
Interestingly, predictions using the HIJING [16, 17] generator, presented in the right panel
of Fig. 1, clearly underestimate the experimental data. On the other hand, our calculation
with ∆ycorr = 2 is consistent with the HIJING results. This implies that the correlations
between protons and anti-protons in the rapidity space obtained from HIJING are too strong
ranged, not consistent with the experimental results.
2 We verified that the presented results are not sensitive to the specific values of 〈NB〉 and 〈NB¯〉.
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IV. CONCLUSIONS
In summary, we studied the effects of local baryon conservation laws on fluctuations of
net-baryon number. We demonstrated, by systematic comparison of our results with the
measurements of ALICE, that the data are consistent with global baryon number conser-
vation and the according small suppression with increasing ∆y. Contributions due to local
baryon number conservation are small if present at all in the second cumulants of net-
protons. This is not unexpected as baryon number is distributed, for nuclear collisions at
very high energy, over a wide rapidity range in very early hard collisions. A detailed account
of this for both baryon and strangeness number is in preparation.
ACKNOWLEDGMENTS
This work is part of and supported by the DFG Collaborative Research Centre ”SFB
1225 (ISOQUANT)”.
[1] A. Bazavov et al., Phys. Rev. D85, 054503 (2012), arXiv:1111.1710 [hep-lat].
[2] B. Friman, F. Karsch, K. Redlich, and V. Skokov, Eur. Phys. J. C71, 1694 (2011),
arXiv:1103.3511 [hep-ph].
[3] A. Andronic, P. Braun-Munzinger, K. Redlich, and J. Stachel, Nature 561, 321 (2018),
arXiv:1710.09425 [nucl-th].
[4] A. Andronic, P. Braun-Munzinger, B. Friman, P. M. Lo, K. Redlich, and J. Stachel, Phys.
Lett. B792, 304 (2019), arXiv:1808.03102 [hep-ph].
[5] X. Luo (STAR), Proceedings, 9th International Workshop on Critical Point and Onset of
Deconfinement (CPOD 2014): Bielefeld, Germany, November 17-21, 2014, PoS CPOD2014,
019 (2015), arXiv:1503.02558 [nucl-ex].
[6] N. Xu, Proceedings, XXII DAE High Energy Physics Symposium: Delhi, India, December 12
-16, 2016, Springer Proc. Phys. 203, 1 (2018).
[7] A. Rustamov (ALICE), Proceedings, 26th International Conference on Ultra-relativistic
Nucleus-Nucleus Collisions (Quark Matter 2017): Chicago, Illinois, USA, February 5-11,
2017, Nucl. Phys. A967, 453 (2017), arXiv:1704.05329 [nucl-ex].
6
[8] L. D. Landau and E. M. Lifshitz, Statistical Physics (Pergamon Press, 1980).
[9] P. Braun-Munzinger, A. Rustamov, and J. Stachel, Nucl. Phys. A960, 114 (2017),
arXiv:1612.00702 [nucl-th].
[10] P. Braun-Munzinger, A. Rustamov, and J. Stachel, Proceedings, 27th International Confer-
ence on Ultrarelativistic Nucleus-Nucleus Collisions (Quark Matter 2018): Venice, Italy, May
14-19, 2018, Nucl. Phys. A982, 307 (2019), arXiv:1807.08927 [nucl-th].
[11] A. Bzdak, V. Koch, and V. Skokov, Phys. Rev. C87, 014901 (2013), arXiv:1203.4529 [hep-ph].
[12] M. Nahrgang, T. Schuster, M. Mitrovski, R. Stock, and M. Bleicher, Eur. Phys. J. C72, 2143
(2012), arXiv:0903.2911 [hep-ph].
[13] A. Keranen, F. Becattini, V. V. Begun, M. I. Gorenstein, and O. S. Zozulya, Strangeness
in quark matter. Proceedings, 8th International Conference, SQM2004, Cape Town, South
Africa, September 15-20, 2004, J. Phys. G31, S1095 (2005), arXiv:nucl-th/0411116 [nucl-th].
[14] V. Vovchenko, B. Doenigus, and H. Stoecker, (2019), arXiv:1906.03145 [hep-ph].
[15] E. Abbas et al. (ALICE), Phys. Lett. B726, 610 (2013), arXiv:1304.0347 [nucl-ex].
[16] M. Gyulassy and X.-N. Wang, Comput. Phys. Commun. 83, 307 (1994), arXiv:nucl-
th/9502021 [nucl-th].
[17] W.-T. Deng, X.-N. Wang, and R. Xu, Phys. Rev. C83, 014915 (2011), arXiv:1008.1841
[hep-ph].
7
